Crack width in reinforced concrete structures is usually considered to be constant within the concrete cover by design codes. This simplification can lead to inaccurate or uneconomical design and it is completely misleading for a possible crack repair design. Aim of present experimental studies is to investigate the application possibilities of PU injection resins for active cracks in dynamically loaded structural concrete members. Present paper summarizes the results of the preliminary studies carried out with epoxy injection resin for a detailed survey of the variation of crack widths within the concrete cover of reinforced concrete tensile members. The paper highlights the significance of different concrete covers on the variation both of internal and surface crack widths, confirms several findings of previous studies including the influence of the so-called Goto cracks, and appreciates the recently developed proposal of the fib Model Code 2010 concerning the variation of the crack width along the concrete cover in the form of a power function.
Introduction
Cracking of concrete structures due to bending or tension has usually great signifi cance on structural behaviour. Structural cracks can infl uence both serviceability and durability of structural members. From the serviceability point of view, the reduction of stiff ness and increase of deformations, the possible water leakage through the cracks and the aesthetical concerns can be mentioned. From the durability point of view, the possible attack of steel corrosion and the reduced service life of structures can be in focus. Several papers discussed the impact of crack width on the corrosion of steel embedded in concrete [1, 2, 3, 4, 5, 6] . Results are controversial, however, it was clearly demonstrated that the corrosion tendency and rate of corrosion of steel embedded in concrete are independent from the surface crack widths and can be considerably accelerated in the presence of chloride ions. Th e pattern and width of the cracks inside the concrete cover is frequently diff erent from that observed on the surface of the member, nevertheless, structural cracks usually follow the stress trajectories developed by loading [7, 8, 9, 10, 11] . Structural cracking of reinforced concrete can be avoided only with full prestressing.
Th e repair methods are diff erent during the repair of unexpected or excessive cracking of concrete according to the targeted objective of the repair that can be the restoration of strength or stiff ness, the improvement of the functional performance (e.g. watertightness), the improvement of appearance or the improvement of durability. Methods cover resin injection, routing and sealing technique, grouting, drypacking, gravity fi lling, impregnation and overlays or surface coatings. Repair methods also depend on the expected behaviour of the cracks (i.e. stabilized or active cracks).
Signifi cance and objectives of present studies
Technical literature and practical repair experiences demonstrated that force transmitting injection of concrete by epoxy resins is possible through cracks having widths higher than 0.05 mm [12] . On the other hand, dynamically loaded structural members could not be sealed with epoxy resins as they are rather brittle polymers. Elastomeric or PU resins are available for the permanent sealing of active cracks. Th e dynamic crack movements can be absorbed by the fl exibility of these resins. Secure sealing needs the resin to be available in adequate thickness, therefore, the dynamic crack bridging action of the resins is supposed to be violated for small crack widths like that of 0.05 mm.
Present experimental studies targeted the laboratory testing of low viscosity PU injection resins within cracks of the widths of 0.05 to 0.50 mm. Main focus of the studies is the dynamic crack bridging action and sealing capacity of resins within cracks of small crack widths. Present paper summarizes the results of the preliminary studies on mapping of internal crack widths within the concrete cover of reinforced concrete tensile elements.
Previous studies
It is indicated in the technical literature that the surface crack width of structural elements can be considerably higher than the crack width available at the level of the steel reinforcement. Results demonstrated that surface crack widths may be two to ten times the crack width close to the steel reinforcement [2, 7, 8, 10, 11] . It was also found that despite cracks are originated at the surface of the steel reinforcement they are oft en confi ned to almost zero width at the very vicinity of the steel reinforcement. Fig. 1 . gives experimental result of Beeby (1978) indicating considerable diff erences between surface crack width and crack width close to the steel reinforcement [2] . Husain and Ferguson (1968) found that the crack width at the level of the steel reinforcement is independent from the thickness of the concrete cover but the surface crack widths were found to be proportional with the thickness of the concrete cover [8] . Results of Broms (1965) confi rmed these fi ndings and it was also demonstrated that the surface crack width is almost linearly proportional with the tensile stress in the steel reinforcement but the infl uence eliminates near to the reinforcement [7] . Similar conclusions were found by Tammo and Th elandersson (2006) [11] .
Fig. 1. Variation of crack width within a concrete cover of 38 mm [2]
1. ábra Repedéstágasság változása 38 mm-es betonfedésen belül [2] 
Testing method
Reinforced concrete tie elements of 120×120 mm cross section and 900 mm length were prepared for present experimental studies with one single Ø20 mm deformed steel reinforcing bar placed either concentrically or eccentrically. Concrete covers were 20, 40, 60, 80 mm for the eccentric specimens and 50 mm for the concentric specimens. Self compacting concrete of f cm = 82.6 N/mm 2 average standard cube compressive strength was used. Specimens were loaded monotonically, deformation controlled (at a loading rate of 0.5 mm/min) with a 600 kN capacity universal testing machine (Instron 1197) up to a stabilized cracking condition with maximum surface crack width of at least 0.30 mm. Typical test arrangement is given in Fig. 2 . Load-deformation responses were recorded digitally with a HBM Spider8 multi-channel electronic PC measurement unit and a portable computer with HBM Catman professional measurement soft ware. Loading never exceeded the maximum load of 150 kN to avoid yielding of the steel reinforcement. Th e applied actual maximum load was maintained for 12 to 18 hours during which the structural cracks were injected and the resin was allowed to set. Main focus of present studies was on the structural cracks that reach the concrete surface to be injected, therefore, the injection was carried out from the surface of the members through plastic injecting packers. As being a preliminary study for the upcoming PU injection tests, the detailed mapping of the internal crack width variation within the concrete cover was targeted during the tests. Th erefore, high strength, brittle epoxy resin was selected for the injection. Cracks were sealed at the concrete surface before injection by a rapid set epoxy resin (MC-Quicksolid . Th e cracks were maintained in their original, loaded position and the axial load was released only aft er the resin was allowed to set. Surface crack pattern and surface crack widths were recorded and then the specimens were cut open by a high speed diamond saw to make the crack widths visible throughout the concrete cover. Crack widths were recorded by a hand microscope (magnifi cation of 0.01 mm) at every 2 mm along each crack. Typical detail is shown in Fig. 3 . In this way, eight cut surfaces were available for each crack. Concrete compressive strength and Young's modulus tests were also carried out on the same day of the injection to complete the tests. 
Results and discussion
Surface crack widths were recorded both under loading and following the release of the axial load -aft er the injection resin was allowed to set. It was realized that the surface crack widths did not change by the unloading procedure, therefore, the injection was found to be eff ective and the cracks can be supposed to be maintained in their original, as loaded position.
Th e cut open specimens demonstrated that the injection material was able to penetrate as deep as the level of the steel reinforcement, fi lling all the cracks even with the smallest crack widths of 0.01 to 0.02 mm. Th e resin fi lled cracks were visible and all the crack widths could be read accurately. One representative result for a specimen with concentric position of the steel reinforcement (concrete cover of 50 mm) is indicated in Fig. 4 .
Readings of crack widths along the concrete cover corresponding to a specimen with eccentric position of the steel reinforcement (concrete covers of 20, 40, 60, 80 mm) are indicated in Fig. 5 . It can be realized that the variation of the crack width is non-uniform and nonlinear along the concrete cover. Results also indicate that the diff erent concrete covers result in diff erent local stiff nesses of the tensile member. Higher stiff ness parts apparently collect the deformations and higher crack widths are resulted. If one compares the observed crack widths at a distance of e.g. 20 mm from the steel reinforcement 0.11 mm, 0.15 mm, 0.20 mm and 0.32 mm could be found corresponding to the concrete covers of 20 mm, 40 mm, 60 mm and 80 mm, respectively. On the other hand, the crack width at the level of the steel reinforcement is found to be independent from the actual concrete cover that is in accordance with the results introduced in the technical literature.
A further remarkable phenomenon can be also seen in Fig. 5 : the tendency of the change of the crack width is considerably diff erent in the close vicinity of the steel reinforcement (i.e. within a distance of 10 to 15 mm) than in the outer parts of the concrete cover. Th e apparent limits of these areas are indicated with arrows in the diagrams and seem not to be depending on the actual concrete cover. Th ese observations confi rm the presence of secondary micro-cracks (i.e. Goto cracks) at the surface of the steel reinforcement (schematically shown in Fig.  6 . aft er Goto, 1971 [9] ). Th e secondary micro-cracks represent a smeared deformation fi eld in the close vicinity of the steel reinforcement and infl uence the crack width of the macroscopic structural cracks. Outside this region the deformation of the concrete cover governs the variations of the crack widths.
Fig. 6. Schematic representation of secondary micro-cracks (Goto cracks) at the
surface of the steel reinforcement [9] 6. ábra Acélbetét felületén kialakuló másodlagos mikro-repedések (ún. Goto- repedések) sematikus ábrázolása [9] 6. Th e role of the concrete cover
Neither design codes nor technical papers or reports give indication about the variation of crack width within the concrete cover or the increase of surface crack width due to increasing concrete cover, however, it could be an important part of serviceability limit state (SLS) design. Calculated (design) crack widths are usually determined at the level of the steel reinforcement and the crack width is assumed to be constant over the concrete cover. Th e Chapter 7.6 of the fi b Model Code 2010 fi rst complete draft document is the only design code available in which one can fi nd a reference to the infl uence of concrete cover on crack width [13] . Th e Model Code 2010 proposes a generalized formula to fi nd the crack width (w d *) at any distance from the steel reinforcement as follows: , where A is a function of concrete compressive strength (f cm ) and the eff ective reinforcement ratio (ρ s,ef ) and β is an empirical constant 0 < β < 1 It can be seen that the Model Code 2010 does not provide a proposal that can be used directly, only the supposed relationship is given between the concrete cover and the crack width [13] .
Present experimental results, however, confi rm the supposed existence of a power function that could be found between the concrete cover and the variation of the crack width. Fig. 7 . represents the measured data given earlier in Fig. 5 together with power function trend curves determined with regression analysis. It can be realized that the variation of the crack width along the concrete cover can be described reasonably well with power functions. Parameter analysis is not possible to be carried out for present experimental results as only one type and strength of concrete as well as one reinforcement ratio was applied. Th e empirical constant β was found to be in the range of β = 0.4 to 0.7 that further ratifi es the supposed relationship given in the Model Code 2010. Present experimental results indicate the need of further laboratory studies in the fi eld.
Conclusions
Present paper summarized the results of preliminary studies on the variation of crack widths within the concrete cover of reinforced concrete tensile members. During present tests the specimens (both with concentrically and eccentrically placed steel reinforcements) were precracked and injected with low viscosity, high strength epoxy resin. Results demonstrated that the selected injection material is suitable to maintain the structural cracks in their original, loaded position aft er releasing the axial load. Th e observed variation of crack widths confi rmed the results of previous studies by several authors. It was demonstrated that the surface crack width is strongly dependent on the actual concrete cover, however, the crack width at the level of the steel reinforcement was found to be independent from the concrete cover. Test results clearly indicate the infl uence of secondary micro-cracks (Goto cracks) on the crack width of the macroscopic structural cracks and the possible extent of the micro-cracked zone around the steel reinforcement was also localized. Test results confi rm the potential of the proposal of the fi b Model Code 2010 for the relationship between the concrete cover and the crack width in the form of a power function. Th e preliminary studies resulted detailed general information about the internal crack pattern and crack width variation within the concrete cover providing an appropriate preparation for the PU injection resin studies.
